Evolutionary arms-races between plants and herbivores have been proposed to generate key 14 innovations that can drive diversification of the interacting species. Recent studies reveal that plant 15 traits that target herbivore insect eggs are widespread throughout the plant kingdom. Within the 16 Brassicaceae family, some plants express a hypersensitive response (HR)-like necrosis underneath 17 the eggs of specialist cabbage white butterflies (Pieridae) that leads to eggs desiccating or dropping 18 of the leaf. Here, we studied the evolutionary basis of this trait, its egg-killing effect on and 19 elicitation by specialist butterflies, by screening 31 Brassicaceae species and nine Pieridae species. 20
Rhamnaceae (Gonepteryx rhamni) or Fabaceae (Colias spp.) however, did not elicit such a leaf 26 necrosis. Finally, eggs of Aglais io, a species of the sister group Nymphalidae, did not elicit any 27 visible response. Counter-adaptations to HR-like necrosis might have evolved by insect deposition 28 of eggs in clusters or on inflorescences. Our findings suggest that the plants' egg-killing trait is a 29 new front on the evolutionary arms-race between Brassicaceae and pierid butterflies beyond the 30
Introduction 39
The biodiversity on earth is shaped by numerous factors including inter-organismal interactions that 40 can result in coevolution of adaptive traits. For example, the coevolutionary interactions between 41 plants and insects as described by Ehrlich and Raven 1 has driven the diversification of plant 42 defensive metabolites 2,3 . In turn, specialist herbivores have evolved detoxification mechanisms, 43 which allow them to feed on their host plants despite these toxic metabolites 4,5 , e.g. monarch 44
butterflies can feed on cardenolide-containing milkweeds 6, 7 , and Pieridae and Plutella caterpillars 45 on glucosinolate-containing Brassicaceae [8] [9] [10] . 46
47
The role of plant defences against herbivore eggs has been understudied and underappreciated, 48 especially in a coevolutionary perspective between herbivores and plants. The majority of studies 49 on plant-insect interactions have focused on the feeding life stages of herbivorous insects. Yet, 50 plants can already perceive and respond physiologically to the presence of herbivore eggs before 51 they hatch 11 . The evolution of plant defences against insect eggs is an important first line of 52 defence. In almost half of the ~400.000 known herbivorous insects, especially in case of 53 lepidopteran and sawfly species, eggs may be the first life stage to come into contact with the 54 targeted host plant. Every insect egg being detected and killed, is one less herbivorous larva or adult 55 insect feeding on the plant in the near future. 56 57 Different types of plant defences against insect eggs have been reported in more than thirty plant 58 species including gymnosperms and angiosperms (both monocots and eudicots) 12 . In response to 59 insect egg deposition, plants can produce ovicidal substances 13 , form neoplasms 14, 15 or express a 60 hypersensitive response (HR)-like necrosis beneath the eggs [15] [16] [17] [18] [19] . Specifically, HR-like necrosis as 61 an egg-killing defence leading to eggs desiccating and/or falling off the leaf. It families. However, the phylogenetic occurrence of the egg-killing trait across these plant families 64 and the phylogenetic co-occurrence in the reciprocal insect pest-clade has yet to be investigated in a 65 similar manner to recent studies of plants and their insect herbivores such as the Brassicaceae plants 66
and Pieridae caterpillars. 67 68 Sequence-based phylogenetic analysis [24] [25] [26] has established that the Brassicaceae family is split into a 69 core clade containing 3680 species, sub-divided into three major lineages, and a smaller sister clade 70 containing only the genus Aethionema (61 species 27, 28 were tested with regard to their ability to express HR-like necrosis in response to egg depositions, 108 with some accessions being more likely to express this trait than others 17, 18, 23 . 109
110
The current study explores whether egg-killing necrosis evolved as a specific response to pierid egg 111 deposition in a subset of Brassicaceae. So far, no large-scale screening has been done within the 112 family to determine how common the egg-killing necrosis is expressed within the family. 113
Furthermore, no effort has ever been made to map the phylogenetic history of any egg defence trait 114 for any plant family. Doing so would be a first necessary step to show an adaptive response to egg 115 deposition. For this study we first established that egg wash generated from eggs of P. brassicae 116 butterflies and egg deposition on plants yielded a similar plant response on B. nigra plants. We 
Egg wash preparation 164
Wash from P. brassicae eggs was made by fostering females to oviposit on filter paper by pinning 165 the paper to the underside of leaves of B. oleracea (Fig. 1a) . Within 24 hours after oviposition, the 166 filter paper with the eggs was cut and placed into a 15 ml Falcon tube with purified water 167 (purification system from Millipore Company) at a concentration of 400 eggs per ml. The eggs were 168 left overnight at room temperature. The next morning the supernatant was pipetted off and stored at 169 -20 °C. Before using the egg wash, Tween20 was added at a 0.005 % concentration. The addition of 170 Tween20 was necessary to lower the surface tension of the water droplets, therefore improving the 171 distribution of the egg wash on the waxy leaf surface of some plant species. 172 of the area where egg wash had been applied using a cork borer (1 cm) and put in a rectangular Petri 200 dish with wet blue filter paper. Pictures were taken using a Dino-Lite digital microscope (AnMo 201 Electronics Corporation). These pictures were visually scored for expression of HR-like necrosis 202 (Fig. 1a) (Fig. 1b) . After four days, HR-like necrosis was scored using a slightly adapted scoring 214 system previously described by Griese et al. 18 . For this scoring system a number between 0 (no 215 response) and 4 (very strong response on both sites of the leaf) is assigned to the observed necrosis. 216 217
Pieris brassicae egg survival on HR-like expressing plants 218
Experiments were done in greenhouse conditions (21 ± 5°C, Rh: 45 -70%, L16 : D8). HR-like 219 necrosis has been shown to have weaker effects on egg-survival under greenhouse conditions than 220 under natural conditions 17, 18 . Pieris brassicae females were manipulated to lay five to fifteen 221 separated eggs (not touching each other) on all lines of B. napus, B. nigra and C. hispanica used in 222 the screening of Brassicaceae species. Previous studies revealed that P. brassicae egg survival was 223 only affected when eggs were laid singly, not touching each other 18 . The oviposition of separated 224 eggs was accomplished by observing the females and taking them off the leaf after they laid one 225 egg. After this, the females were put on a different spot of the same leaf. The eggs were left on the 226 plant and four days after oviposition HR-like necrosis was scored as present or absent. After five 227 days, survival of eggs was noted by counting the number of hatched caterpillars (Fig. 1c) . Eggs were collected on leaves and checked for the presence of a HR-like necrotic zone on the leaf. 237
After collection, eggs were kept in a climate chamber (25 ± 1°C, 50-70 % RH, L16 : D8) until 238 caterpillars emerged. All hatched and dead eggs were recorded (Fig. 1c) . 239 240
Phylogenetic analysis of Brassicales and Pieridae species 241
We used a consensus tree to place our tested Brassicales species according to the species (or genera) 242 reported by two recent studies 25, 26 . Both studies analyse representatives of the three distinct linages 243 of the core Brassicaceae clade and the first-branching Aethionema and the outgroup Cleomaceae. 244
We used the established three-linage classification when planning and conducting our experiments. 245
As some species and genera were not present in either study, we established their relationships with 246 other included species by calculating our own phylogenetic tree using DNA sequences of two 247 chloroplast markers (rbcL and matK) and one nuclear genome marker (ITS2). The sequences were 248 obtained from the BOLD system website (ID numbers see Supplementary Table 3) 42 . The 249 phylogenetic tree was inferred under maximum likelihood using RaxML v 8.2.4 (GTR+GAMMA, 250 random seed and 1000 bootstrap pseudo-replicates) on the CIPRES science gateway 43, 44 . The three 251
Cleomaceae species were used as outgroups for the phylogenetic tree. 252
The phylogenetic tree of the butterfly species was created using the mitochondrial COI gene and the 253 nuclear EF1α (Supplementary Table 4) . The phylogenetic tree was inferred using maximum 254 likelihood through the IQ TREE website [45] [46] [47] . The models selected here for each of the partitions 255 were GTR+F+I+G4:part1, TIM2e+G4:part2, random seed and 1000 ultrafast bootstrap pseudo-256
replicates. We verified that each clade of butterflies in the tree contained more species than were 257 used in our test to improve separation. Plutella xylostella L. was used as an outgroup. The 258 phylogeny showed support for splits within the Pieridae family and the genera were well supported. 259
The phylogeny is very similar to a more extensive study with more species that used two more 260 markers, wingless and 28S 48 . 261
A Bayesian approach was also performed for phylogenetic inference of the butterflies using the 262 program MrBayes version 3.2 49 on the same dataset using as priors the parameters from the models 263 selected by IQ TREE and using the same partition of the data. Four simultaneous chains (one cold, 264 three heated) were run for ten million generations, and trees were sampled every 1,000 generations. 265
To check the convergence and stability of the parameter estimates and to determine the burn-in 266 value, Tracer v1.5 50 was used to explore the log files. Initial trees generated in the burn-in phase 267 (i.e., before establishing stable estimates of parameters) were discarded (burn-in value= 2500, 25 % 268 of the trees). The remaining trees were used to estimate tree topology, branch lengths, and 269 substitution parameters. The phylogenetic relationships inferred from this bayesian approach were 270 congruent with the ML tree obtained from the analysis above. 271
272

Statistical analysis 273
To test for statistical significance, R version 3. 
Establishing egg wash as an alternative treatment for natural egg deposition 291
Not all tested butterfly species naturally deposit eggs on (all) brassicaceous species. In order to be 292 able to test eggs of those species and screen a large number of brassicaceous species efficiently, we 293 developed a standard method to wash eggs and treat plants with egg wash. We first compared the 294 effect of eggs and egg wash on B. nigra, and scored symptoms induced by oviposition or egg wash, 295 scoring a number between 0 (no response) and 4 (very strong response). The accession SF48 296 responded with a score between 1-4 in all plants (Supplementary Figure 1) . There was no statistical 297 difference between class of symptoms induced by eggs or egg wash (GLM: χ 2 = 1.43, df = 1, P = 298 0.232), and so we concluded that we could use egg wash to test the effect on all species. 299 300
Origin of HR-like necrosis in the core Brassicaceae, Aethionema and Cleomaceae 301
Of all thirty-one species tested, five species responded significantly with HR-like necrosis to P. 302 brassicae egg wash. This included species of the genus Aethionema and of the tribe Brassiceae (Fig.  303 2). In the tribe Brassiceae, egg wash treatment significantly enhanced expression of HR-like 304 necrosis in specific accessions of four species: B. napus (25-86%), B. nigra (63-83%), B. oleracea 305 (20-40%) and C. hispanica (0-86%) (Supplementary Table 5 ). There was no significant enhanced 306 HR-like necrosis after egg wash treatment for all other tested plant species tested compared to 307 control leaves. Necrosis was expressed in single plants of some accessions in lineage I and III (0 308 and 29%) (Fig. 2, Supplementary Table 5 ). HR-like necrosis of Aethionema arabicum varied among 309 the tested accessions between 0 and 60 % (Supplementary Table 5 ). In some cases, e.g. for 310
Aethionema carneum, plants responded with HR-like necrosis to egg wash, however, due to the low 311 number of replicates (A. carneum: three plants) difference between control and egg wash treatment 312 was not significant (Supplementary Table 5 ). For Lunaria annua, up to 40% expressed HR-like 313 necrosis, but for this plant species only few replicates were tested, making it impossible to test for 314 significant differences (Supplementary Table 5 ). 315 
and G. rhamni was generally lower than HR-like necrosis by the eggs of 357
Pieris spp and A. cardamines (0.44 ± 0.12; 1.11 ± 0.33 respectively) ( Table 1 and Supplementary  358   Tables 6-7) . When we plotted the fraction of HR-like necrosis and its severity per butterfly species 359 on our phylogeny, the likelihood and severity of HR-like necrosis is stronger in butterfly species 360 that are the more closely related to Pieris sp. (Fig. 4) . Thus, all tested Pieridae elicited an egg 361 response while the nymphalid butterfly A. io of the sister group never did. 362 
Effect of HR-like necrosis on Pieris egg survival on different Brassicaceae plants 379
First, we also monitored egg survival of the abundant (in the Netherlands) Pieris species (both P. 380 napi and P. rapae) under natural field conditions. Egg survival was 40 % lower when eggs induced 381 HR-like necrosis compared to survival of eggs that did not induce a leaf necrosis (GLM: χ 2 = 11.02, 382 df = 1, P < 0.001, Fig. 5a ). As not all eggs on a given plant elicited a necrosis, the fraction of eggs 383 eliciting HR-like necrosis was tested as well. 384
Second, we tested egg survival on three highly responding plant species from the first screening 385 under greenhouse conditions. HR-like necrosis significantly lowered the survival of singly laid P. 386 brassicae eggs on all three plant species (GLM: Work is underway to identify the genes, which will contribute to a better understanding on the 432 evolution of HR-like necrosis. It is unlikely that the triplication event is the only factor involved in 433 
